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Probing low-mass WIMPs with tetrafluoroethane superheated liquid detectors
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Probing low mass (sub-GeV – few GeV) Weakly Interacting Massive Particle (WIMP) candidates
of Dark Matter through WIMP-induced nuclear recoils in Direct Detection experiments requires use
of detector materials consisting of low mass target nuclei and low threshold energy. Here we explore
the potential of superheated liquid detectors (SLD) with a hydrogen containing liquid, namely,
tetrafluoroethane (C2H2F4) (b.p. −26.3
◦ C), as the target material for probing low mass WIMPs.
It is argued that, depending on the operating temperature, threshold energies of <
∼
0.2 keV may be
possible, which would allow WIMPs of masses down to sub-GeV level to be probed. For example,
under the assumption of 100% detector efficiency, a C2H2F4 SLD operated at 55
◦ C with a total
exposure of 1000 kg.day would be able to probe WIMPs of mass ∼ 5, 1 and 0.3 GeV at the spin-
independent WIMP-nucleon cross section (σSIχn) sensitivity levels of σ
SI
χn,90 ∼ 6.4× 10
−8, 6.1× 10−7
and 5.6 × 10−4 pb, respectively, where σSIχn,90 is the 90% C.L. Poisson upper limit on σ
SI
χn for zero
observed events and no background.
I. INTRODUCTION
Weakly Interacting Massive Particles (WIMPs) [1–3]
predicted in many theories beyond the Standard Model
of particle physics, with masses of a few GeV to a few
hundred TeV1 are one of the major candidates for the
constituents of the Dark Matter (DM), an unknown form
of non-luminous matter that constitutes about 85% of
the total gravitating mass and about 27% of the total
mass-energy budget of the Universe; see, e.g., Ref. [4]
for a recent review. Following the early suggestion [5]
that nuclear recoil events due to elastic scattering of the
Galactic WIMPs off nuclei of suitably chosen detector
materials may be detectable, a large number of experi-
ments worldwide have been engaged for the past three
decades or so in efforts to detect the WIMPs employ-
ing various detection techniques. The kinetic energy of
a recoiling nucleus due to WIMP-nucleus elastic scatter-
ing, which can be anywhere in the range of a few keV to
few hundreds of keV depending on the WIMP and tar-
get nucleus masses, would be dissipated in the detector
medium providing signals in the form of bolometric heat,
lattice vibration (phonon), ionization, scintillation light,
and so on, depending on the detector medium [6, 7]. The
DAMA/LIBRA experiment [8–10] has been consistently
reporting, for about a decade now, a statistically signif-
icant detection of an annual modulation signal in their
event rate, which they attribute to WIMPs, the annual
modulation being attributed to Earth’s motion around
the Sun [11, 12]. However, the DAMA/LIBRA results are
difficult to reconcile with the null results from a number
of other experiments which have set rather stringent up-
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per limits on the WIMP-nucleon interaction strength [13–
18].
Most of the currently running experiments are de-
signed to be optimally sensitive to WIMPs of mass
>∼ 10GeV. In view of the null results from these ex-
periments, recently there has been much interest in ex-
periments designed to be specifically sensitive to rela-
tively lower mass (< 10GeV) WIMPs; see, for example,
Refs. [13, 18–21]. Sensitivity to low mass WIMPs gen-
erally require low (sub-keV) recoil energy threshold and
detector materials containing low mass nuclei.
In this paper we study the possibility of probing low
mass (sub-GeV – few GeV)WIMPs with a detector mate-
rial containing hydrogen, the lowest-mass target nucleus
possible. Specifically, we consider the superheated liquid
tetrafluoroethane (C2H2F4), a refrigerant liquid (b.p. -
26.3oC), as the target detector material. Superheated
liquid based detectors with liquids such as C3F8, CF3I,
C4F10, C2ClF5, and so on have been extensively used
for WIMP direct detection experiments [14, 22–25]. The
superheated liquid state being a metastable state of the
liquid [26], the energy deposited by a recoiling nucleus
arising from WIMP-nucleus scattering in the liquid can
induce a phase transition from the superheated liquid
state to vapor state if the deposited energy exceeds a
certain critical energy that depends on the temperature
and pressure of the liquid. The acoustic pulse gener-
ated during such a phase transition provides the signal
which can be detected by acoustic sensors. The phase
transition from the superheated liquid state to the va-
por state occurs through nucleation of vapor bubbles of
certain critical size. Since bubble nucleation can occur
only if the energy deposition is above a certain critical
amount, this makes such detectors act as threshold detec-
tors, with the threshold energy controlled by the temper-
ature and pressure of the liquid. A major advantage of
superheated liquid detectors is their operability at room
temperatures as opposed to cryogenic temperatures re-
quired for most other kinds of WIMP search detectors
currently under operation. Moreover, by controlling the
2threshold energy of the detector with judicious choice of
the operating temperature and pressure, the detector can
be made insensitive to certain kinds of particles, for ex-
ample, beta and gamma particles, which constitute the
main sources of background for most WIMP search ex-
periments.
Below, in section II we briefly review the basic work-
ing principle of superheated liquid detectors (SLD) and
discuss the method we follow to calculate the bubble
nucleation threshold energies of various particles mov-
ing through the liquid. In section III we discuss the
response of SLD to spin-independent elastic scattering
of the WIMPs constituting the DM halo of our Galaxy,
focusing on the lowest WIMP mass to which the SLD
can be sensitive. Section IV presents our results for the
bubble nucleation threshold energies of recoiling hydro-
gen (1H), carbon (12C) and fluorine (19F) nuclei in su-
perheated liquid C2H2F4 and the corresponding lowest
WIMP mass that can be probed with C2H2F4 SLD as a
function of temperature. Finally, section V summarizes
our main results and conclusions.
II. SUPERHEATED LIQUID DETECTOR:
BASIC PRINCIPLES
A Superheated Liquid Detector (SLD) works on the ba-
sic principle that localized energy deposition during the
passage of an energetic particle through the liquid can
cause a phase transition from the liquid state to the va-
por phase. According to Seitz’s phenomenological “heat
spike” theory [27], the phase transition occurs through
nucleation of vapor bubbles of radii larger than a critical
radius (Rc) due to localized deposition of energy by the
particle within the superheated liquid. The bubbles of
radii smaller than Rc collapse back to the liquid state
while those with radii larger than Rc expand and grow,
sometimes to visible size, through evaporation of the liq-
uid. The expansion of the vapor bubble is accompanied
by production of an acoustic pulse which, if detectable,
acts as the signal carrying information about the energy
deposited in the liquid due to the passage of the particle.
At a given temperature and pressure, the critical radius
(Rc) is given by [27]
Rc =
2σ(T )
(Pv − Pl) , (1)
where σ(T ) is the liquid-vapor interfacial tension at tem-
perature T , Pv(T ) is the vapor pressure and Pl(T ) is the
pressure of the liquid. To form a bubble of critical radius
the particle must have an energy2, E, greater than a cer-
tain threshold energy Eth such that the energy deposited
2 Throughout this paper, we shall be concerned with particles of
non-relativistic speeds, and hence by energy of a particle we shall
mean its non-relativistic kinetic energy.
by the particle, E
(Leff )
dep , over a path segment of length Leff
along the particle’s track in the liquid is greater than or
equal to a certain critical energy Ec, i.e.,
E
(Leff )
dep (E ≥ Eth) ≡
∫ Leff
0
(
dE
dx
)
dx ≥ Ec , (2)
with the equality condition satisfied at E = Eth. Here
Leff = bRc, b being the “nucleation parameter” and
dE
dx
is the stopping power of the liquid for the particle under
consideration.
The critical energy, Ec, is given by [27, 28]:
Ec = 4piR
2
c
(
σ − T ∂σ∂T
)
+ 4pi3 R
3
cρv (hv − hl)
− 4pi3 R3c (Pv − Pl) , (3)
where ρv(T ) is the vapor density, and hv(T ), hl(T ) are
the specific enthalpies of the vapor bubble and liquid,
respectively.
Since the maximum amount of energy that a particle
can deposit is its entire kinetic energy, it is clear that at
any given temperature and pressure we have, in general,
Eth ≥ Ec. In other words, if at any given temperature
and pressure the mean range3, R, of the particle at energy
E = Ec satisfies R(E = Ec) ≤ Leff = bRc, then we have
Eth = Ec. On the other hand, if R(Ec) > Leff , then Eth
will be larger than Ec and is determined by the condition
E
(Leff )
dep (E = Eth) = Ec (see equation (2) above). Also,
since at a given pressure the critical energy Ec decreases
with increasing temperature (see Table I below), the en-
ergy threshold Eth translates to a temperature threshold,
Tth, for bubble nucleation, with lower Eth corresponding
to higher Tth and vice versa.
Clearly, the threshold energy for bubble nucleation de-
pends on the value of the nucleation parameter b, which
is a priori unknown, and can only be determined through
experiment. In the Seitz theory [27], b = 2, i.e., in order
for bubble nucleation to occur, an amount of energy ex-
ceeding Ec must be deposited, as given by equation (2),
over a length Leff = 2Rc. However, this may be an overly
restrictive requirement as indicated by a recent molecu-
lar dynamics simulation of the bubble nucleation process
in superheated liquid [29], which finds that the required
critical amount of energy deposition can be spread over
even larger length scales without losing bubble formation
efficiency. Indeed, the simulations in Ref. [29] suggest
Leff = 4Rc. Experimentally, values of b starting from 2
(e.g., Refs. [30, 31]) to 2pi (e.g., Refs. [32, 33]) and even
larger (e.g., Ref. [34]) have been suggested. In this pa-
per we shall determine the theoretical bubble nucleation
threshold energies of 1H, 12C and 19F nuclei in liquid
C2H2F4 for two representative values of the parameter b,
namely, b = 2 and b = 2pi, broadly covering the possible
range of values of b mentioned above. However, below we
3 The range is defined as the average distance over which the par-
ticle loses all its kinetic energy and comes to a stop in the liquid.
3shall see that the values of Eth calculated with b = 2 are
always greater than or equal to those with larger values of
b. In fact, as discussed further below, at all temperatures
(T ) of interest, the ranges of both 12C and 19F nuclei
at the energy Ec(T ) in liquid C2H2F4 are smaller than
Leff(= bRc) in the case of b = 2, and hence in the case of
b = 2pi as well. Thus, Eth(T ) = Ec(T ) for both
12C and
19F nuclei, independently of the value of the parameter b.
On the other hand, for 1H, while R(Ec) < Leff = 2piRc
and thus Eth(T ) = Ec(T ) for
1H at all temperatures of
interest in the case of b = 2pi, the same is not true in the
case of b = 2. Indeed, the values of Eth for
1H in the case
of b = 2 turn out to be significantly larger than Ec(T )
for T <∼ 45◦C, and approaches Ec only at T > 45◦C.
Thus, values of Eth calculated using b = 2 in general give
us conservative estimates of the threshold energy of the
detector, i.e., the actual value of Eth may be even lower
than what we estimate here. Consequently, b = 2 will
give us conservative estimates of the lowest WIMP mass
that can be probed with the SLD under consideration.
The Seitz model assumes that the entire energy de-
posited by a particle goes into formation of a bubble,
and that a larger than critical size bubble is nucleated
with 100% efficiency at the sharply defined “Seitz thresh-
old energy”, Eth, of the particle given by the solution
of the energy deposition condition, equation (2). This,
of course, is an idealization. In reality, the bubble nu-
cleation process may not be 100% efficient. The actual
threshold energy and efficiency of bubble nucleation for
a given particle type can only be determined by experi-
ment, pending which, in this paper, we shall assume the
SLD to be 100% efficient for bubble nucleation at the
Seitz threshold Eth defined by equation (2).
III. RESPONSE OF SUPERHEATED LIQUID
DETECTOR TO WIMPS
In a direct detection experiment for DM search, the
detector looks for signatures of nuclear recoils produced
by scattering of the WIMPs off the nuclei of the detector
material. The recoil energy of the nucleus, ER, due to
WIMP-nucleus elastic scattering is given by
ER =
µ2χAv
2
mA
(1− cos θ), (4)
where v = |v| is the speed of the WIMP relative to the
target nucleus at rest on Earth, θ is the WIMP scatter-
ing angle in the WIMP-nucleus center-of-mass system,
mχ and mA are the WIMP and target nucleus masses,
respectively, and µχA =
mχmA
mχ+mA
is the WIMP-nucleus
reduced mass. The minimum WIMP speed, vmin, that
can produce a recoil nucleus with energy ER is given by
vmin =
(
ERmA
2µ2χA
)1/2
. (5)
The differential recoil rate, dR/dER, i.e., the number
of nuclear recoil events per unit time per unit detector
mass per unit recoil energy can be written as [2, 35]
dR
dER
=
σχA(0) ρDM
2mχ µ2χA
F 2(q)
∫
vmin(ER)
d3v
f(v, t)
v
, (6)
where σχA(0) is the ‘zero momentum transfer’ WIMP-
nucleus cross-section, ρDM ≈ 0.3GeV/ cm3 is the local
mass density of DM [36], f(v, t) is the WIMP velocity dis-
tribution in the Earth’s rest frame, the time dependence
being due to Earth’s revolution around the Sun [11, 12],
and F (q) (with F (0) = 1) is the nuclear form factor
with q = (2mAER)
1/2 the momentum transfer from the
WIMP to the nucleus.
For the WIMPs’ velocity distribution, we shall assume
the standard halo model (SHM) in which the DM halo
of the Galaxy is described by an isothermal sphere [37]
with an isotropic velocity distribution of the Maxwell-
Boltzmann form in the Galactic rest frame truncated at
the local Galactic escape speed vesc and Galilean boosted
to the Earth’s frame (see, e.g., [12, 35]):
f(v, t) =
1
κ
1
(piv20)
3/2
exp
{
− (v + vE)
2
v20
}
Θ(vesc−|v+vE|) ,
(7)
where v0 = (
2
3 〈v2〉)1/2 ≃ 220 kms−1 is the characteristic
(most probable) speed of the DM particles in the Galaxy,
vE(t) is the velocity of the Earth with respect to the
Galactic rest frame,
κ = erf
(
vesc
v0
)
− 2√
pi
vesc
v0
exp
(−v2esc
v20
)
(8)
is a normalization constant, and Θ(x) is the unit step
function. The exact value of vesc is not known with cer-
tainty. Values in the range from 498 to 608 kms−1 (90%
C.L.) are quoted in literature, with a median value of
∼ 540 kms−1 [38], which we shall use in this paper for
all numerical estimates.
In this paper we shall not consider the (small) annual
modulation of the recoil rate (6) due to Earth’s revolution
around the Sun [11, 12], and consider only the annual
average value of the recoil rate with the average value of
vE = |vE| ≃ 232 kms−1.
With the WIMP speed distribution given by equation
(7), the differential recoil rate (equation (6)) for a de-
tector consisting of nuclei of mass number A and atomic
number Z can be written as [35]
dR
dER
= κ−1
R0
rE0
F 2(q)
[√
pi
4
v0
vE
{
erf
(
vmin + vE
v0
)
− erf
(
vmin − vE
v0
)}
− exp
(−v2esc
v20
)]
,
(9)
where R0 = 2√pi N0A ρDMmχ σχA(0) v0, N0 = 6.022×1026 kg
−1
is the Avogadro number, r =
4mAmχ
(mA+mχ)2
, and E0 =
41
2mχv
2
0 . Note, in equation (9), the ER dependence is
contained in vmin [see equation (5)] and the form factor
F (q). The latter can be taken to be of the form [35]
F (q) = 3 e−(qs)
2/2 sin(qrn)− qrn cos(qrn)
(qrn)3
, (10)
where rn is the effective nuclear radius given by r
2
n =
c2+ 73pi
2a2−5s2 with c ≃ 1.23A1/3−0.60 fm, and nuclear
skin thickness parameters a ≃ 0.52 fm and s ≃ 0.9 fm.
In this paper, we shall restrict ourselves to the case of
coherent, spin-independent (SI) WIMP-nucleus interac-
tion. In this case, assuming isospin independent WIMP-
nucleon coupling, the zero momentum WIMP-nucleus
cross section σχA(0) can be written in terms of the SI
WIMP-nucleon cross section, σSIχn, as
σχA(0) = σ
SI
χA(0) = σ
SI
χn
(
1 +
mχ
mn
)2
(
1 +
mχ
mA
)2 A2 , (11)
where mn is the nucleon (neutron or proton) mass.
For a detector made of a compound target material
consisting of different elements i of mass numbers Ai and
nuclear masses mAi , as is the case in this paper, the
differential recoil rate (per unit mass of the compound
target material) is given by
dR
dER
=
∑
i
ξi
(
dR
dER
)
i
, (12)
where ξi is the mass fraction of the target element i in
the detector (
∑
i ξi = 1), and the recoil rate (dR/dER)i
for the element i is calculated from equation (9) with
A replaced by Ai and mA by mAi in all the relevant
quantities.
The expected rate of events, Rexp, in units of per unit
mass of the compound target material per unit time, is
then given by
Rexp =
∑
i
R(i)exp =
∑
i
ξi
∫ E(i)R,max
E
(i)
R,th
(
dR
dER
)
i
, (13)
where E
(i)
R,th is the recoil energy threshold for bubble nu-
cleation by nuclei of element i, and
E
(i)
R,max =
2mAiv
2
esc(
1 +
mAi
mχ
)2 (14)
is the maximum recoil energy a nucleus of element i
can receive due to scattering with a WIMP of mass mχ.
Note that E
(i)
R,max decreases with decreasing value of mχ.
Therefore, for a given target material element i, the con-
dition E
(i)
R,max ≥ E(i)R,th for bubble nucleation by a recoil-
ing nucleus of target element i implies that the target
Leff = bRc Range (E = Ec)
Operating Critical Critical b = 2pi b = 2 1H 12C 19F
Temperature Energy Radius
(T ) (Ec) (Rc) (nm) (nm) (nm) (nm) (nm)
(◦ C) (keV) (nm)
35 1.92 17.16 107.82 34.32 78.72 12.99 10.37
40 1.08 13.36 83.94 26.72 44.88 7.87 6.92
45 0.61 10.39 65.28 20.78 25.39 4.93 4.94
50 0.34 8.05 50.58 16.10 14.38 3.27 3.82
55 0.19 6.20 38.96 12.40 8.14 2.32 3.18
60 0.10 4.73 29.72 9.46 4.59 1.79 2.82
TABLE I. The critical energy Ec, critical radius Rc, and the
energy deposition length scale Leff = bRc for bubble nucle-
ation in superheated liquid C2H2F4 for two different values
of the nucleation parameter, b = 2 and b = 2pi, at a pressure
of 1 atm and various operating temperatures. The values of
the range, R(E = Ec), of
1H, 12C and 19F nuclei of energy Ec
in liquid C2H2F4 at different temperatures are also listed for
easy comparison with the values of Leff at the corresponding
temperatures.
element i is insensitive to WIMPs of masses below a cer-
tain lowest value, m
(i)
χ,lowest, given by
m
(i)
χ,lowest = mAi


(
2mAiv
2
esc
E
(i)
R,th
)1/2
− 1


−1
. (15)
Note that, for a SLD, since E
(i)
R,th depends on the operat-
ing temperature and pressure of the SLD as discussed in
section II above, the lowest WIMP mass m
(i)
χ,lowest that
can be probed with target element i also depends on the
operating temperature and pressure of the SLD.
IV. RESULTS AND DISCUSSION
A. Threshold energies of recoiling 1H, 12C and 19F
nuclei for bubble nucleation in superheated liquid
C2H2F4
As discussed in section II, to obtain the bubble nu-
cleation threshold energy of a particular recoiling nu-
cleus, we need to compare the range of the nucleus at
energy Ec with the energy deposition length scale Leff
at the given operating temperature and pressure of the
SLD. We calculate the critical radius Rc [equation (1)]
and the critical energy Ec [equation (3)] using values of
the thermodynamic quantities taken from the REFPROP
database maintained by the National Institute of Stan-
dards and Technology [39]. The ranges of 1H, 12C and
19F nuclei in superheated liquid C2H2F4 are calculated
using the “Stopping Range of Ions in Matter” (SRIM)
software package [40]. For simplicity, all results shown
below are for operating pressure fixed at 1 atm.
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FIG. 1. Ranges of 1H, 12C and 19F nuclei in superheated liquid C2H2F4 as functions of their energy. The dashed vertical lines
mark the critical energy Ec at three different temperatures, namely, 35
◦ , 45◦ and 55◦ C, and the dotted horizontal lines mark
the corresponding values of Leff = bRc for two different values of the nucleation parameter, b = 2 (left panel) and b = 2pi (right
panel).
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FIG. 2. Energy deposited by 1H nuclei over the length scale
Leff = 2Rc in superheated liquid C2H2F4 for temperatures
35◦ , 45◦ and 55◦ C. The vertical and horizontal dashed lines
mark the values of the critical energy Ec at different tem-
peratures. The 1H threshold energies (ER,th) obtained from
crossings of the energy deposition curves with the horizon-
tal Ec lines for the three different temperatures are marked
by vertical dotted lines. Note that for 55◦ C, ER,th and Ec
coincide.
The values of Ec, Rc, and Leff = bRc for two different
values of the nucleation parameter, b = 2 and b = 2pi,
are listed in Table I for various operating temperatures
ranging from 35◦C to 60◦C. The ranges (R) of 1H, 12C
and 19F nuclei of energy Ec in liquid C2H2F4 at different
operating temperatures are also listed in Table I for easy
comparison with the values of Leff at the corresponding
temperatures.
To aid visualization, we display in Figure 1 the ranges
of 1H, 12C and 19F nuclei as functions of their energy
and their comparison with the length scale Leff for the
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FIG. 3. The threshold energy for bubble nucleation by recoil-
ing 1H nuclei in superheated liquid C2H2F4 as a function of
temperature in the case of nucleation parameter b = 2.
nucleation parameter b = 2 and b = 2pi at three different
temperatures, namely, 35◦ , 45◦ and 55◦C.
It is seen that, in the case of b = 2pi, the ranges of 1H,
12C and 19F at energy Ec at all temperatures are less
than the corresponding lengths Leff = 2piRc. Thus, in
this case, the threshold energies for all these nuclei will
be the same and will be equal to Ec at the corresponding
temperature. The same is true in the case of b = 2 for
12C and 19F, but the range of 1H at Ec is larger than
Leff = 2Rc at temperatures below ∼ 50◦C. Thus, in the
case of b = 2, the bubble nucleation threshold energy of
1H at temperatures below ∼ 50◦C will be larger than Ec
at the corresponding temperatures and will have to be
determined by calculating the energy deposited by a 1H
nucleus in liquid C2H2F4 over the length scale Leff = 2Rc
as a function of energy and finding the energy at which
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FIG. 4. Lowest WIMP masses that can produce recoiling 1H, 12C and 19F nuclei above their bubble nucleation threshold
energies (see Table II) in superheated liquid C2H2F4 as a function of temperature for two values of the nucleation parameter,
b = 2 (left panel) and b = 2pi (right panel).
T ER,th (keV) mχ,lowest (GeV)
b = 2pi b = 2 1H 12C 19F
(◦ C) 1H, 12C, 19F 1H 12C, 19F b = 2pi b = 2 b = 2pi b = 2 b = 2pi b = 2
35 1.92 38.0 1.92 1.20 - 2.17 2.17 2.63 2.63
40 1.08 15.16 1.08 0.68 - 1.55 1.55 1.90 1.90
45 0.61 6.48 0.61 0.43 - 1.13 1.13 1.39 1.39
50 0.34 0.34 0.34 0.29 0.29 0.82 0.82 1.02 1.02
55 0.19 0.19 0.19 0.20 0.20 0.60 0.60 0.75 0.75
60 0.10 0.10 0.10 0.14 0.14 0.43 0.43 0.54 0.54
TABLE II. Threshold energies of WIMP-induced recoiling 1H, 12C and 19F nuclei for bubble nucleation in superheated liquid
C2H2F4 at different temperatures for two values of the nucleation parameter b = 2 and b = 2pi and the corresponding lowest
values of the WIMP mass that can produce those recoil nuclei of the respective threshold energies, i.e., the lowest mass WIMPs
that can be probed with a C2H2F4 superheated liquid detector. A blank (-) entry indicates no sensitivity to the target element
at the temperature under consideration, i.e., E
(i)
R,th(T ) > E
(i)
R,max for the target element i (
1H in the present case).
equation (2) is satisfied. This is illustrated in Figure 2.
The resulting threshold energy of 1H as a function of
temperature in the case of nucleation parameter b = 2
is shown graphically in Figure 3. Recall that in the case
of b = 2pi, the threshold energies of 1H, 12C and 19F
will all be same and equal to the values of Ec at the
corresponding temperatures.
With the threshold energies for bubble nucleation of
WIMP-induced recoiling 1H, 12C and 19F nuclei in super-
heated liquid C2H2F4 determined as above, we can cal-
culate the lowest WIMP mass sensitivity of superheated
liquid C2H2F4 as a function of temperature using equa-
tion (15). The results are displayed in Table II and shown
graphically in Figure 4.
From Table II and Figure 4, we see that, with suitable
choice of the operating temperature, a C2H2F4 SLD can
serve as a good detector for very low mass (sub-GeV –
few GeV) WIMPs. In a related experimental work [41]
it is shown that at temperatures T < (38.5 ± 1.4)◦C,
C2H2F4 is insensitive to gamma rays (which can cause
nucleation events through electron recoils), though sen-
sitive to neutrons (which give nucleation events through
nuclear recoils). Thus, a sufficiently large C2H2F4 SLD
operated at T ∼ 35◦C, for example, would be sensitive to
WIMP-induced nuclear recoil events for WIMPs of mass
in the few GeV range down to ∼ 1.2 GeV, depending
on the value of b, without being sensitive to background
γ-rays. However, for sub-GeV mass WIMPs, the SLD
would need to be operated at higher temperatures. From
Table II and Figure 4, we see that, the presence of hydro-
gen in C2H2F4 can make the SLD sensitive to WIMPs of
mass <∼ 200 MeV at temperatures T >∼ 55◦C. However,
at these temperatures the C2H2F4 SLD becomes sensi-
tive to background γ-rays as well, thus requiring proper
shielding.
7B. Recoil spectra and event rates for low mass
WIMPs
The low WIMP-mass sensitivity of a C2H2F4 SLD can
be seen more clearly by looking at the expected contri-
butions of 1H, 12C and 19F nuclei to the rate of WIMP-
induced nuclear recoil events. For this purpose, we calcu-
late the differential recoil spectra of 1H, 12C and 19F nu-
clei in C2H2F4 from equation (9) for a benchmark value
of σSIχn = 1pb — these are shown in Figure 5 — and then
integrate these spectra (see equation (13)) over the recoil
energies to obtain the rates as a function of WIMP mass
at various temperatures using the corresponding thresh-
old energies listed in Table II.
The resulting rates (in units of kg−1 day−1) as a
function of WIMP mass for two different temperatures,
T = 35◦C and T = 55◦C, are shown in Figures 6 and 7,
respectively. The event rates shown in these Figures scale
linearly with the value of σSIχn, and the number of events
scale with the total exposure (kg.day). The WIMP-mass
thresholds for contributions of different nuclei to the total
event rates directly reflect the lowest WIMP-mass sensi-
tivities shown in Table II and Figure 4. From Figures 6
and 7 we see that in the few GeV WIMP mass region the
total event rates are generally dominated by contribu-
tions from recoiling 12C and 19F nuclei, although at low
temperatures (∼ 35◦C) 1H makes the sole contribution
in the WIMP-mass window ∼ 1.5 – 2 GeV in the case of
nucleation parameter b = 2pi. The sub-GeV WIMP mass
region can be probed only by operating the detector at
relatively high temperatures of T >∼ 55◦C.
To see somewhat more quantitatively the level of sen-
sitivity of a C2H2F4 SLD to WIMP masses in the sub-
GeV – few GeV region, we calculate the standard Pois-
sonian 90% C.L. upper limit on the WIMP-nucleon spin-
independent cross section, σSIχn,90 , for zero observed num-
ber of events (which corresponds to a total of 2.3 expected
number of events) in the case of no background:
σSIχn,90
1 pb
≡ 2.3Rexp E , (16)
where E is the total exposure (in units of kg.day), and the
expected total event rate Rexp is calculated in units of
(kg.day)−1 for σSIχn = 1pb (see Figures 6 and 7). Figure
8 shows σSIχn,90 as a function of WIMP mass (sub-GeV
– few GeV) for a total exposure of E = 103 kg.day, for
illustration, for two values of the operating temperature,
T = 35◦C and 55◦C.
It is seen that, in the situation of zero background
and 100% detector efficiency, a C2H2F4 SLD operated
at 55◦C with a total exposure of 1000 kg.day, for ex-
ample, would be able to probe WIMPs of masses 5,
3, 2 and 1 GeV, for example, at the sensitivity lev-
els of σSIχn,90 = 6.4 × 10−8, 8.3 × 10−8, 1.2 × 10−7 and
6.1× 10−7 pb, respectively. Note that in the above mass
region the event rates at 55◦C are dominated by 19F
recoils, with 12C recoils making sub-dominant and 1H
recoils making negligible contributions. In the sub-GeV
mass region, at 55◦C, the sensitivities are at the levels of
1.0×10−5, 2.9×10−4, and 5.6×10−4 pb atmχ = 0.7 , 0.5
and 0.3 GeV, respectively. Note again that, at 55◦C, the
12C and 19F recoils are unable to cause bubble nucleation
events for WIMPs of masses <∼ 0.6GeV, and the limits
on σSIχn for WIMP masses <∼ 0.6GeV come from WIMPs
scattering on 1H only. These results for T = 55◦C are
independent of the value of the nucleation parameter b.
At the lower temperature of 35◦C, in the few GeV
WIMP mass region, the sensitivities somewhat worsen in
comparison to those at 55◦C, with σSIχn,90 = 2.0 × 10−7,
3.8 × 10−7 and 1.7 × 10−6 pb at mχ = 5 , 4 and 3 GeV,
respectively. Again, these limits come mainly from 19F
recoils, with 12C recoils making sub-dominant and 1H
recoils making negligible contributions. In the WIMP
mass region 2.2 <∼ mχ <∼ 2.6 GeV, the 12C recoils make
the dominant contribution to the event rate, giving a
sensitivity at the level of ∼ 2.5 × 10−4 pb at mχ ∼ 2.2
GeV, the lowest WIMP mass that can be probed at 35◦C
in the case of the nucleation parameter b = 2. Recall
that, at 35◦C, the 1H recoils are always below the bubble
nucleation threshold energy (see Table II) in the case b =
2. In the case of b = 2pi, however, 1H recoils are above the
bubble nucleation threshold energy, making the detector
sensitive to WIMPs of masses below ∼ 2.2GeV and down
to ∼ 1.3GeV with a sensitivity of ∼ 4.7 × 10−2 pb at
mχ ∼ 1.3GeV. At 35◦C there is no sensitivity to sub-
GeV WIMP masses, which can, however, be probed at
higher temperatures of T >∼ 55◦C as discussed above.
V. SUMMARY AND CONCLUSIONS
In this paper we have theoretically studied the po-
tential of a superheated liquid detector (SLD) with a
hydrogen containing liquid, namely, tetrafluoroethane
(C2H2F4) (b.p. −26.3◦C), as the active target mate-
rial for probing low (sub-GeV – few GeV) mass WIMP
candidates of Dark Matter. In a C2H2F4 SLD the re-
coiling 1H, 12C and 19F nuclei due to elastic scattering
of the Galactic WIMPs on these nuclei can give rise to
detectable bubble nucleation events if the recoil energies
are above certain threshold energies. The latter are de-
termined by the Seitz condition that the energy deposited
by a recoiling nucleus in the liquid over a certain effective
length scale Leff ≡ bRc (where Rc is a critical length and
b is the nucleation parameter) has to be greater than or
equal to a certain critical energy Ec. Both Rc and Ec are
characteristics of the liquid under consideration, and de-
pend on the operating temperature and pressure of the
superheated liquid, thus making the threshold energies
dependent on temperature at a given operating pressure.
We have determined the threshold energies of the
WIMP-induced recoiling 1H, 12C and 19F nuclei by using
the Seitz condition for two different values of the nucle-
ation parameter b, namely, b = 2 (the “standard” Seitz
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FIG. 5. Differential recoil energy spectra, as given by equation (9), of 1H, 12C and 19F nuclei in C2H2F4 (per keV of recoil
energy per day per kg of C2H2F4) for different WIMP masses for a benchmark value of the WIMP-nucleon spin-independent
(SI) cross section, σSIχn = 1pb (= 10
−36 cm2). (Note: One kg of C2H2F4 contains 0.02 kg of
1H, 0.235 kg of 12C and 0.745 kg
of 19F.) Other parameter values used are: ρDM = 0.3GeV/ cm
3, v0 = 220 km s
−1, vE = 232 kms
−1 and vesc = 540 kms
−1. The
dashed vertical lines mark the sharp cutoff of the recoil spectra due to the sharp cutoff of the speed distribution of the WIMPs
at the escape velocity vesc (see text).
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FIG. 6. Contributions of 1H, 12C and 19F to the total rate of WIMP-induced nuclear recoil events in a C2H2F4 SLD operated
at a temperature of 35◦ C and pressure of 1 atm, as a function of the WIMP mass ( <
∼
few GeV) for a benchmark value of
spin-independent WIMP-nucleon cross section, σSIχn = 1pb, for two values of the nucleation parameter b = 2 (top panel) and
b = 2pi (bottom panel). Note that in the case of b = 2, the WIMP-induced recoiling 1H nuclei do not contribute any event
since their maximum recoil energies (see Figure 5) are below their bubble-nucleation threshold energy at this temperature;
see Figure 3 and Table II. The sharp fall-off of the rates for different nuclear species at the lower mass end reflects the lowest
WIMP mass sensitivities of the different nuclei shown in Table II and Figure 4.
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FIG. 7. Same as Figure 6, but for T = 55◦ C. The rates for
different nuclei are respectively same for b = 2 and b = 2pi.
value) and another representative non-standard value,
b = 2pi (see discussions in section II). In general, the
bubble nucleation threshold energies of all nuclei decrease
with increasing temperature irrespective of the value of
b. We find that a threshold of ∼ 0.1 keV can be reached
at a temperature T ∼ 60◦ C. However, while the thresh-
old energies of 12C and 19F nuclei are independent of the
value of the nucleation parameter b at all temperatures,
that of 1H depends sensitively on the value of b at tem-
peratures T <∼ 45◦C. Indeed, the 1H threshold energies
in the case of b = 2 are significantly larger than those
for b = 2pi at temperatures T <∼ 45◦C, and become in-
sensitive to b (and same as those of 12C and 19F) only at
T >∼50◦C. In the case of b = 2pi, 1H, 12C and 19F all have
the same threshold energy at any given temperature.
The sub-keV level recoil energy threshold for bubble
nucleation in C2H2F4 SLDs has the potential to allow
WIMPs in the sub-GeV mass range to be probed. For
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FIG. 8. 90% C.L. Poissonian upper limits on the spin-
independent WIMP-nucleon cross section, σSIχn,90, as a func-
tion of WIMP mass for zero observed events in the case of no
backgrounds for a total exposure of 1000 kg.day, for operat-
ing temperatures, T = 35◦ C and 55◦ C and two values of the
nucleation parameter b = 2 and b = 2pi (see text).
example, we find that a 100% efficient C2H2F4 SLD op-
erated at a temperature of ∼ 55◦C with a total exposure
of 1000 kg.day in a no-background situation would al-
low sub-GeV WIMP masses < 0.6 GeV to be probed at
the spin-independent WIMP-nucleon cross section sensi-
tivity (90% C.L.) level of ∼ 5.6 × 10−4 pb at a WIMP
mass of ∼ 0.3 GeV due to the presence of 1H in C2H2F4.
These theoretical results, we believe, provide strong mo-
tivation for performing experiments using C2H2F4 as the
active liquid in superheated liquid detectors for probing
low mass WIMPs.
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